In this study, integration of three important concepts of distributed generation, D-FACTS devices, and microgrids are evaluated. The performance of a microgrid is dependent on its location, capacity, and placement of DG units and D-FACTS devices. In this paper a new method is proposed to simultaneously determine the optimal number, location, and capacity of DG units and D-STATCOM devices and optimal boundaries of electrical islands in the independent mode of microgrids. The main objective is to minimize the economic costs. The optimal locations of DG units and D-STATCOM devices should be determined to maximize the DG capacities with minimum loss in the best voltage profile and in the grid-connected mode of microgrids. Moreover, this locating besides simultaneous determination of island boundaries makes it possible to supply the maximum load in the islanded mode operation. To meet the mentioned goals, the PSO algorithm and MATLAB software are used. Analyzing the obtained results shows that the proposed method has suitable capability in optimal operation and cost management of distribution network planning.
Introduction
One of the main concepts of smart grids is the microgrid (MG), which has great potential to increase applications of distributed generation (DG) units under different operation conditions. MGs are operated in islanded mode or grid-connected mode. Transferring from conventional power systems to smart systems is inevitable for the following reasons: the need for highly reliable energy, demand increase, problems of reduction in fossil fuel sources, and environmental issues. Moreover, actual implementation and control of smart systems is one of the main concerns of researchers and industrialists. The amount of load that could be supplied by DG in MGs is dependent on different factors such as the capacity and location of DG, possibility of active and reactive power control, and the present load pattern. One of the main control tools and active and reactive power management approaches in power systems is flexible AC transmission system (FACTS) devices that are operated in distribution networks as distributed flexible AC transmission systems (D-FACTS) [1] . With the increase of D-FACTS and DG applications and the increasing development of MGs in distribution networks, integration of these three concepts could provide a suitable framework for novel studies that could serve specific purposes. For the desired operation of DG units and distributed static synchronous compensators (D-STATCOMs), among the main and most applicable D-FACTS devices, some factors such as the number, location, and optimal capacity of these units have an important role in network operation. The above-mentioned factors have great effects on system losses, voltage profile, reliability, and power quality.
Several studies were conducted for the optimal placement of these devices and units. For example, in [2] [3] [4] the determination of the optimal location and capacity of DG units was evaluated for different purposes such as economic costs and environmental pollution minimization, voltage profile improvement, network loss reduction, and restoration operation of network-equipped DG. Moreover, in [5] [6] [7] the modeling and simulation of D-STATCOMs was presented and their operation in the network and the optimal placement problem were evaluated. In [8, 9] the optimal location problem of FACTS devices was evaluated for different purposes such as real power flow performance index reduction and voltage stability improvement. In [10] D-STATCOM placement was investigated for different purposes such as voltage profile improvement, network loss reduction, and energy saving. With the progress of smart grids and MG applications, several studies have addressed these topics. For example, in [11, 12] , modeling, control, operation, and protection solutions of MGs were studied. In addition, in [13] the optimal placement and capacity determination of DG units were evaluated by considering the procedure of intentional islanding and controllability in power systems. In [14] the islanding operation of MG systems was studied for different purposes such as maximization of system loadability and minimization of power losses. In addition, the static voltage stability index was evaluated for different cases of operation. The main purpose of this paper is to integrate D-FACTS devices, DG units, and MG systems in order to operate distribution networks optimally. Therefore, a new method is proposed to determine the optimal number, location, and capacity of D-STATCOM and DG units besides optimal boundaries of islands by the capability of operation as independent MGs are determined. To obtain our goals, normal operation of the whole network, the possibility of intentional islanding of some parts of networks, and the operation of them as independent MGs are considered. To optimize the mentioned problem, the PSO algorithm is employed. The IEEE 118-bus standard distribution network is used to verify the performance of the proposed method. Results are given and compared to evaluate the capabilities of the proposed method.
Mathematical modeling
In this paper, to execute power flow in the network and calculate the required parameters such as losses, the voltage of each bus, and the current of each branch, the forward/backward sweep method is employed. This method has several advantages such as simplicity, linearity of equations, and fast convergence as compared to other methods. Because of these advantages, most studies have used this method in distribution networks [15] . In the following sections, the mathematical modeling of DG units and the D-STATCOM device is presented.
DG modeling for load flow analysis
Here a DG unit is considered to have the both capability of only active power injection and simultaneous injection of active and reactive power to network. In the following subsections, different used models of DG are explained [16] .
Modeling of DG unit with constant power factor
The commonly used DG model is the constant power factor model. It can be used for controllable DG units, such as synchronous generator-based DG. For this model, active power and power factor are specified values.
Its reactive power and injected current to the network are calculated as follows:
Here, P i,g , Q i,g , V i,g , and I i,g are active power, reactive power, injected voltage, and current of DG to bus i respectively. PF i,g is the DG power factor.
Modeling of DG unit as PQ bus
In this case, the DG unit is modeled as a source of constant active power and reactive power, as follows:
Here, P load,i and Q load,i are the active and reactive power of primary load in bus i. P 
D-STATCOM modeling
The D-STATCOM device is one of the main and most applicable D-FACTS devices. This device plays an important role in load ability, stability, and reactive power compensation. A single-line diagram of the conventional D-STATCOM model is shown in Figure 1 [17] . To calculate the power flow, steady-state losses of the D-STATCOM model should be considered. The losses consist of three terms of power losses in the DC capacitor, switching losses, and conductivity losses. The equivalent circuit of the D-STATCOM is shown in Figure 2 . In this figure, X S is the transformer leakage inductance. To model the conductivity and switching losses series resistance r S is used. In addition, to model the DC capacitor power losses the parallel resistance r P is employed. According to Figure 2 , the VSC, which is placed behind the equivalent impedance of the transformer (Z S ), is operated as an AC voltage source with controllable amplitude and phase. Using KVL, equations of reactive and active power injection of the D-STATCOM to the AC system are obtained as follows [17] :
The parameters are as follows:
Here, Q D−ST AT COM is the reactive power injection of the D-STATCOM. Vs is the bus voltage of the AC system. k S is the gain of converter DC to AC. V C is the VSC voltage with m modulation index in pulse with modulation (PWM) control. k t is the coupling transformer rate and V dc is the DC voltage of the capacitor with control angle of α . I S is the flow current of the AC system to the VSC. Since the DC power supply has been removed from the VSC circuit and the DC capacitor is replaced, the D-STATCOM will not have any active power exchange with the AC system and the active power of device will be zero. In this case, the VSC charges the DC capacitor and keeps the required voltage level. Thus, the exchange of power between the network and the D-STATCOM is only reactive power and Eq. (7) is used in the calculations.
Formulation of the problem
In this paper, the optimization problem is evaluated by proposing a new economic cost function and a method for simultaneous determination of optimal island boundaries (by capability of operation as independent MGs) is presented. In the following, the optimization method and cost function are described and the implementation steps of the proposed method are explained completely.
Objective function description
In this paper, cost function is proposed as a summation of investment and operation costs of DG and DSTATCOMs and the costs of network ohmic losses. This cost function is defined as in Eq. (8):
Here, Cost P is the cost of network ohmic losses in the total study period [18] . P loss−ij is the network ohmic losses that are calculated as follows [2] :
Here, R ij is ohmic resistance between the i and j buses, I ij is injected current from bus i to bus j , N is the number of network buses, and R is energy cost per kWh (here it is assumed $0.016). In addition, B is the investment return rate, which is calculated by B = 1+F 1+µ . F is the inflation rate and µ is the interest rate. In this study, inflation and interest rates are 15% and 10%, respectively. y is the load growth rate per year (here it is assumed as 5%) and T is the planning horizon (here it is assumed as 5 years). Cost Investment is the total investment costs of the DG and D-STATCOMs including installation costs. S n DG is the rating capacity of n DG units, Price DG is cost per rating MVA of each DG, and Cost m D−ST AT COM is the m D-STATCOM investment cost, which is calculated as [19] : 
Here, I f eeder,i is the current of line i , P DG and Q DG are the injected active and reactive power of the DG, Q D−ST AT COM is the reactive injected power of the D-STATCOM, and V j is the voltage of bus j .
Optimization technique
In this paper, to optimize the proposed cost function and obtain the goals, the PSO algorithm is used because of its wide range of applications, calculation performance, accurate and fast searching, capability of simple understanding, and capability of simultaneous evaluation of several variables. In this algorithm, movement toward the optimum point of the objective function is based on the data of the obtained point depending on the current factors in the initial population and the best found point by neighboring points. In the search area under study, some points are selected as the initial population. The points are placed in different groups based on the geometrical distance. Having these data, each factor moves along the position and velocity vector of Eqs. (17) and (18) [20] :
Here, X i is the position vector, V i is the velocity vector, c 1 and c 2 are local and global learning factors, w is the inertia factor, and P i and G i are the best local and global values. In addition, r 1 and r 2 are random numbers in (0,1).
Proposed method for determination of optimal electrical islands boundaries
In this section, the proposed method for determination of optimal electrical boundaries of islands with capability of operation as a MG is described by considering D-STATCOM devices and DG units.
Initial population generation for island i S formation
In the optimization procedure by PSO technique, each island is considered as a particle i S . Each particle includes n subsets, which indicates the number of buses in each island. For generation of the initial population, the entire case study network is considered as an island i s by choosing bus number 1 as the slack bus. In addition, n is assumed as 118.
Evaluation of required condition for island formation
First condition: Considering at least one DG unit in each island.
Second condition:
Checking the radial structure and continuity of buses in each island.
Existence of at least a DG unit in each specified island is required because of the independence of islands. If this condition is not met, the determined boundaries will not be verified and they must be changed. Therefore, Eq. (19) is imposed in the optimization procedure:
Here, N DG,is is the number of DG units in each island i s . To obtain the second condition, the graph theory and concept of minimal spanning tree (MST) are employed. To investigate the condition of Shane continuity and find the possible optimal graph while keeping the radial structure of the grid, graph theory and the MST method are used. To use the application associated with the MST, line information, feeders, and buses of the test network are applied as input. To illustrate, suppose that an island, having the first condition as in Figure  3 , is one of the choices to optimize the algorithm. According to this figure, if Shane 29 is not in the range, discontinuity between bus 30 and bus 45 causes this choice to be removed from the optimization process and the PSO algorithm looks for a new particle and range. Considering any range, a bus matrix is created in which, if discontinuity is observed in two items of the series i S , the island is diagnosed as undesirable [21] . 
Execution of load flow program in each island
In this step, in each island, a load flow program is executed independently. The bus in which the DG unit is placed optimally is considered as the slack bus. If more DG units are placed in an island proportional to its load and losses, the bus that has a DG unit with higher capacity will be considered as the slack bus. Losses, amplitude, and phase of voltage in each bus of each island are calculated. Moreover, here constraints are considered for each island according to Eqs. (20) and (21):
Here, P L,i and Q L,i are active and reactive power of the load, and P loss,i and Q loss,i are active and reactive losses of each island.
Evaluation of objective function
In this section, the total cost function (Eq. (8)) is evaluated for each island. If no particle can satisfy any constraints of Eqs. (12)- (16) and (20) and (21), a cost value is considered as a penalty. The penalty function is:
Its parameters are given as:
Here, S DG,is is the DG injection capacity, S D−ST AT COM,is is the D-STATCOM injection capacity, S f eeder,is is the total feeder load, and S loss,is is the total losses of each island i S . Finally, the value of the penalty function is added to the total cost and Eq. (25) is used:
The parameter R is set by 0 or 1. R = 0 means that the considered constraints are satisfied and R = 1 means that the constraints are not satisfied by particle i S .
Simulation and case studies
In this paper, to examine the proposed method's performance, the IEEE 118-bus standard distribution network is employed [17] . Network parameters in the beginning of the study period are given in Table 1 . Neither the DG nor the D-STATCOM is installed at the beginning. Moreover, the voltage profile of the base case is shown in Figure 4 . The used optimal parameters of PSO in this study are provided in Table 2 . Simulation and optimization of the problem and result analysis are evaluated for two scenarios: 
First scenario
In this scenario, an optimization procedure is performed by considering DG and D-STATCOM placements as the problem variables. By changing the number of DG units and D-STATCOMs, the simulation procedure is evaluated. The DG unit is modeled by the capability of only active power injection to the network. Simulation results of the scenario are given in Table 3 Table 3 ) are normalized by changing the number of components and using the normalization method of Eq.
(26) [13] . Here, F x is the actual value of each function, F min and F max are the minimum and maximum of the function, a and b are the minimum and maximum of the normalization bound (1 and 10, respectively), and F norm is the value of the normalized function. Values of F cost and F loss are defined for the cost function and active losses of the network. The obtained diagram of the normalization is shown in Figure 5 . Using Eq. (26) and Figure 5 in network planning, the desired cost could be obtained by an optimal number of DG units and acceptable losses. For this purpose, Eq. (27) is introduced. In this equation, ε is a fixed number that is determined according to system planning. 
Second scenario
In this scenario, in order to supply the faulty loads by DG units in the case of fault occurrence and intentional island formation, the optimal location of units should be suitably determined. In this case, fault occurrence possibility is considered in the whole of the network. In the optimization procedure the number of electrical islands with their optimal boundaries, their number, and optimal capacity of DG units and D-STATCOMs are the optimization variables. Table 4 shows the optimal boundaries of electrical islands with the present number of buses in each island. Moreover, results of DG and D-STATCOM placement in each island are given in Table  5 . The optimized value of total cost in this scenario is obtained as $6,371,715.521. The flowchart of the proposed approach in this scenario and the voltage profile of the network before and after the installation of DG units and D-STATCOMs are shown in Figures 8 and 9 . In addition, Tables 6 and 7 show the total losses of network and each island's losses before and after the installation of DG units and D-STATCOMs. 
Conclusion
In this study, the problem of optimal placement of DG units and D-STATCOMs is evaluated by considering the condition of islanding in some parts of the network and operation as independent MGs and with the purpose of economic cost function minimization. In addition, a new method is proposed to determine the optimal electrical islands' boundaries. The proposed cost function includes the network ohmic losses costs, investment, and operation costs of DG units and D-STATCOMs. In order to optimize the proposed cost function, the PSO algorithm is employed and the IEEE 118-bus standard distribution network is used for simulation and case studies. The optimization progress is evaluated by considering the following two scenarios:
• Optimal placement of components under normal operation of the system
• Optimal placement of components besides determination of island boundaries
In each scenario, results of optimization are analyzed to verify the performance of the proposed method. In the proposed method, it is possible to determine the optimal location and capacity of any number of different DG units and D-FACTSs in every standard test network with different purposes simultaneously or independently. For further study, issues like effectiveness of reliability indices on economic costs and estimation of the network state considering various D-FACTSs are proposed.
